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I The reason f o r  t h e  f a c t  t h a t  many a i rp l anes  having high subsonic o r  super- 
s o n i c  c r u i s i n g  speeds have swept-back wings i s  t h a t  it can inc rease  t h e  c r i t i c a l  
Mach number on t h e  wing su r face .  I n  o ther  words, i t  can suppress t h e  genera t ion  

I of shock waves up t o  h igher  Mach numbers. 
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ABSTRACT. I n  t h i s  r e p o r t  t h e  author d iscusses  t h e  shape 
of three-dimensional wings i n  subsonic flow, wi th  a load 
d i s t r i b u t i o n  uniform i n  spanwise- and a r b i t r a r y  i n  chordwise- 
d i r e c t i o n .  A c e r t a i n  r e s t r i c t i o n  has t o  be placed on t h e  
planform of t h e  wing: t h e  wing, swept-back o r  n o t ,  should 
have s t r a i g h t  leading- and t ra i l ing-edges .  

Formulas derived from l i n e a r i z e d  theory are given, wi th  
which one can ob ta in  t h e  camber shape from predetermined load 
d i s t r i b u t i o n .  

number d i s t r i b u t i o n  normal t o  the i soba r s  on t h e  wing su r face  
i s  presented. 

c r i t i c a l  stage on t h e  wing sur face  w i l l  be  delayed up t o  a 
considerably .high free-s t ream Mach number by designing the  
camber shape f o r  t h e  wing i n  such a manner t h a t  i t  possesses 
spanwise uniform loading wi th  a chordwise shape s u i t a b l e  f o r  
t h e  d i s t r i b u t i o n .  

I n  add i t ion ,  an expression f o r  c a l c u l a t i n g  t h e  Mach 

Some numerical examples show t h a t  t h e  advent of t h e  

1. In t roduct ion  

According t o  Bickley (Ref. l ) ,  shock waves w i l l  be generated when t h e  
v e l o c i t y  component normal t o  t h e  i soba r s  exceeds l o c a l  son ic  speed i n  the  flow- 
f i e l d  a t  a c e r t a i n  po in t  on t h e  wing. 
be reduced i n  order  t o  delay t h e  generation of shock waves. 
t h e  angle  between t h e  d i r e c t i o n  of ve loc i ty  and the  i s o b a r  l i n e  i s  t o  be re- 
duced, t ak ing  advantage of t h e  swept-back angle.  

Therefore, t h i s  v e l o c i t y  component should 
For t h i s  purpose, 

/ 1*** - 

I n  t h e  case of a swept-wing having an i n f i n i t e  span, a l l  i soba r  l ines on /z 
t h e  wing have t h e  same angle wi th  t h e  main stream as t h e  f r o n t  edge makes wi th  
it. Hence, t h e  c r i t i c a l  Mach number increases  p ropor t iona l ly  wi th  t h e  s i n e  of 
t h i s  ang le ,  when compared wi th  t h e  corresponding two-dimensional wing. 
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swept-back angle does n o t  simply r e s u l t  i n  the i n c l i n a t i o n  of i soba r s .  
l y  a t  t he  base and t i p  of t he  wing, the i sobars  tend t o  become normal t o  the  
main stream, thus loosing the e f f e c t  of the sweep-back angle almost e n t i r e l y  
(Ref. 2) .  

Especial-  

I n  order  t o  prevent t h i s ,  i t  is  poss ib l e  t o  modify the  o u t l i n e  f o r  t h e  
c ross  s e c t i o n  of t h e  wing s o  as t o  make the i soba r s  a t  the t i p  and base  of t h e  
wing approach those of t h e  inf in i te -span  swept-wing. 

Based on t h i s  i dea ,  Kuchemam (Ref. 3) and Weber (Ref. 4) considered the  
thickness  and camber d i s t r i b u t i o n  of a wing cross  s e c t i o n  f o r  a semi - in f in i t e  
span, swept-back wing. 

I n  t h i s  r epor t ,  w e  computed t h e  camber d i s t r i b u t i o n  f o r  a f in i te -span  
wing with a uniform span-wise load d i s t r ibu t ion .  
wing possesses  s t r a i g h t - l i n e  leading and t r a i l i n g  edges with a poss ib l e  t ape r .  

The considered o u t l i n e  of t h e  

When t h e  span-wise load d i s t r i b u t i o n  is  uniform, t h e  i soba r s  become s t r a i g h t  
l i n e s  passing through t h e  i n t e r s e c t i o n  of t h e  extensions of t h e  lead ing  and 
t r a i l i n g  edges,  so  that the  d i r e c t i o n  normal t o  t h e  i soba r s  makes a l a r g e r  angle  
w i t h  t h e  main stream than t h e  swept-back angle  of t h e  t r a i l i n g  edge. Thus, a 
s u f f i c i e n t  swept-back angle  e f f e c t  can be expected a t  t h e  t i p  and base of t h e  
wing. 

I n  order  t o  confirm t h i s  e f f e c t ,  i t  i s  necessary t o  obta in  t h e  flow f i e l d  
on t h e  wing having the computed camber d i s t r i b u t i o n  and t o  f i n d  the d i s t r i b u t i o n  
of Mach number component 
chord. 
normal t o  t h e  i sobar .  

normal t o  the i soba r s  i n  t h e  d i r e c t i o n  of t h e  wing 
For t h i s  purpose, w e  derived equations g iv ing  the  Mach number component 

Symbols 

a: Refer t o  Figure 2. It represents  t h e  l o c a l  sonic  speed i n  (Ref. 8);  

izk Aspect r a t i o ;  
b: Refer t o  Figure 2;  

P 

am: Sonic speed of uniform stream; 

c : Pressure  c o e f f i c i e n t ;  

C pu: l i m  c pressure  c o e f f i c i e n t  above the  upper sur face ;  
z+o+ p 

cpL: l i m  c pressure  c o e f f i c i e n t  below t h e  lower sur face ;  
z-to- 

z(xl,yl) : Load d i s t r i b u t i o n .  Refer t o  (2.4); 

Refer t o  (4.1); 'la: 
Z2b: Refer t o  (4.2); 

M: Local Mach number; 
M,: 
M : Mach number component normal t o  i soba r s ;  n 

Mach number of uniform stream; 

-~ 
r: r=J(1-~,)'+(!/-!/,)2+"' 
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6 1  

Half wing-span (when t h e  chord length a t  t h e  wing base  i s  made 1); 
Velocity of uniform stream; 
Velocity component normal t o  isobars;  

Veloci ty  d is turbance  i n  x-direction; 

Velocity d is turbance  i n  y-direction; 

Veloci ty  d is turbance  i n  z-direction; 

Coordinate i n  t h e  d i r e c t i o n  of uniform stream; 
Variable  of i n t e g r a t i o n  i n  x-direction; 

Equation of lead ing  edge; r e f e r  t o  (3.1) ; 

x = x-1-s t a n  $; 

x = x-a-s t a n  x; 
x = x-b-s t a n  a ;  

r l  

ra 

r b  

Equation of t r a i l i n g  edge. Refer t o  (3.2); 

Coordinate normal t o  uniform stream on t h e  wing su r face ;  
Var iab le  of i n t e g r a t i o n  i n  y-direction; 

Coordinate i n  t h e  d i r e c t i o n  normal t o  t h e  wing su r face ;  
Camber d i s t r i b u t i o n .  Refer t o  (7.1) ; 

Camber d i s t r i b u t i o n .  Refer t o  (7.3) ; 

Thickness d i s t r i b u t i o n ;  

l o c a l  e l eva t ion  angle. Refer t o  ( 7 . 2 ) ;  
Rat io  of t h e  d i s t ance  from t h e  f r o n t  edge t o  the  l o c a l  chord length.  
Refer  t o  (4.3); 
Var iab le  of i n t e g r a t i o n  of 5 ;  
Angle between i soba r  and y-axis; 
Refer  t o  Figure 1; 

Refer  t o  ( 5 . 3 ) ;  

1 - ( t a p e r  r a t i o ) ;  
p = S I X ;  
0 = X I S ;  

T (xl,yl) : 

$ ( x , y , z ) :  Disturbance p o t e n t i a l ;  

I n t e n s i t y  of doublet  placed a t  t h e  po in t  (xl, yl) ; 

q :  
$: 
x: Refer  t o  (6.6);  
Q :  t a n - l  ( t an  p a b ) ;  

l ( x ) :  Refer  t o  ( 4 . 5 ) .  

Sweep-back angle  of leading edge; 
Sweep-back angle of t r a i l i n g  edge; 

c: Q u a n t i t i e s  i n  incompressible flow. 
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2. Fundamental Equations 

According t o  t h e  l i n e a r  theory of incompressible gases, t he  d is turbance  PO- 
t e n t i a l  due t o  a wing having a camber, but no th ickness ,  which i s  placed i n  a 
stream at  a s m a l l  e l eva t ion  angle ,  i s  given by t h e  following equation ~ 

where 

~ ( x ~ , y ~ ) :  

S : 
W: wake.  

t h e  i n t e n s i t y  of a doublet l oca t ed  on the  wing o r  i n  t h e  

wing s u r f  ace ; 
wake (xl,yl); 

r=J(X-X1>"(y-y,)2+22 (2 2) 

(2.3) 

The i n t e n s i t y  -c of a doublet is  r e l a t e d  t o  t h e  p o t e n t i a l  a t  t h e  d i scon t inu i ty  

dXl, ? / l ) = ~ ( z l , M l l  -0)-Nz1, M1, +o> 
Using t h e  following equaitons represent ing  t h e  p re s su re  d i f f e rence  above and 
below t h e  wing, 

Z(z1, yl)=cPL(xl, M1)-cPu(zlt P I )  

cpu: pressure  c o e f f i c i e n t  above t h e  wing (2 4 )  

cPL: pres su re  c o e f f i c i e n t  below t h e  wing 

and t h e  equation which i s  w e l l  known i n  t h e  l i n e a r  theory 

w e  ob ta in  t h e  following equation by rewr i t ing  (1.2), not ing  t h e  f a c t  t h a t  no 
p res su re  d i s c o n t i n u i t y  exists i n  the  wake (Ref. 4 ) .  

A downward flow vz from t h i s  wing is derived by d i f f e r e n t i a t i n g  4 wi th  r e spec t  /5 
t o  z ,  then  t h e  camber d i s t r i b u t i o n  z i s  determined from t h e  following equat ion  r. 

By m e a n s  of (2.6) and (2.7), a camber d i s t r i b u t i o n  z which possesses t h e  given 

load  d i s t r i b u t i o n  Z(x,y) can be  computed. 
C 

3. Out l ine  of t h e  Wing 

The o u t l i n e  of t h e  proposed wing cons i s t s  of s t r a i g h t  l i n e s  both a t  t h e  

Then t h e  equa- 
l ead ing  and t r a i l i n g  edges, a s  shown i n  Figure 1. 
of t h e  l ead ing  edge be  q and t h a t  of the t r a i l i n g  edge be 4. 
t i o n s  desc r ib ing  t h e  lead ing  edge l i n e  and t h e  t r a i l i n g  edge l i n e  are, respec- 
t i v e l y ,  g iven  as follows: 

L e t  t h e  sweep-back angle  

4 



leading edge l i n e  

t r a i l i n g  edge l i n e  
~ ~ - 1 ~ 1  tan ~ P = O  

xt-l-lpl tan +=o 

where t h e  length  i s  normalized by the  wing-base chord length  (OA of Figure 1). 

'Y 

P 

where 

x 

Figure 1. Outl ine of Wing 

4 .  Load Dis t r ibu t ion  z(x,y) 

The following two cases of load d i s t r i b u t i o n  are considered: 

Zdx, y) = 1 (€-a) - 1 (E- 1) 

Zza (x, y) = (€- b) 11 (E- b) - 1 (E- 1) 1 

x - I Y I  tan Y 
1 - 4 Y l  E= 

/6 
( 4 . 3 )  

1 : .&o 
{ 0 : x<o 

l(x) = ( 4 . 5 )  

The geometr ical  meaning of 6 i s  as shown i n  Figure 1. The equat ion of t h e  
s t r a i g h t  l i n e  which passes  through t h e  poin t  B a t  a d i s t ance  5 from the  leading  
edge along t h e  chord a t  t h e  wing base and the  i n t e r s e c t i o n  P of t h e  leading 
edge l i n e  and t h e  t r a i l i n g  edge l i n e  i s  given by the  following, l e t t i n g  t h e  
sweep-back angle  of BP be A 

5' 
z-E=1y1 tan Ap , ( 4 . 6 )  

Using t h e  following equat ion 
1 

tan q-tan A,=-€ 
S 

equat ion  ( 4 . 6 )  can be  r ewr i t t en  i n  t h e  following form 

( 4 . 7 )  

5 



A t  a po in t  Q(x,y) on BP, t he  denominator a t  t h e  r i g h t  of the  above equa- 
t i o n  is  Q Q ( l o c a l  wing chord length)  and t h e  numerator is  Q Q ( t h e  d i s t ance  

from t h e  f r o n t  edge t o  Q ) ,  when w e  l e t  the i n t e r s e c t i o n s  of a l i n e  p a r a l l e l  t o  
t h e  x-axis through Q wi th  t h e  leading-edge l i n e  and the  t ra i l ing-edge  l i n e  be  
Qz and Q 
r a t i o  m[m of t h e  d i s t ance  from the leading edge t o  t h a t  po in t  and t h e  l o c a l  

wing chord length  passing through i t  i s  constant.  
under cons idera t ion ,  cons i s t ing  of s t r a i g h t  l i n e s  both a t  t h e  lead ing  and t ra i l -  
ing  edges, this trace becomes a s t r a i g h t  l ine  passing through t h e  po in t  P. This 
trace i s  c a l l e d  t h e  base l i n e  of the considered ou t l ine .  

- - 
Z t  Z 

respec t ive ly .  (4 .8)  represents  a trace of t h e  po in t  a t  which t h e  t ’  

2 Z t  
In t h e  case of t h e  o u t l i n e  

A s  may be  observed from (4 .1 )  and ( 4 . 2 ) ,  the f a c t  t h a t  z(x,y) i s  a func t ion  
of 5 alone i n d i c a t e s  t h a t  t h e  load  d i s t r i b u t i o n  i s  cons tan t  along each base 
l i n e .  Namely, every base  l i n e  on the  wing s u r f a c e  becomes an i sobar .  Equations 
( 4 . 1 )  and ( 4 . 2 )  are p l o t t e d  i n  Figure 2.  

I ( S )  = I,, [(E.) = 1 P b  

Figure 2 .  Load Dis t r ibu t ion  

I f  w e  analyze the load d i s t r i b u t i o n s  given by (4 .1 )  and ( 4 . 2 )  as a load  
d i s t r i b u t i o n  Z(x,y),  a l l  load d i s t r i b u t i o n s  cons is t ing  of s t r a i g h t  l i n e  seg- 
ments can b e  represented by superimposing these  two cases. For example, f o r  /7 
t h e  load  d i s t r i b u t i o n  shown i n  Figure 3,  i t  becomes 

B-A 
B-a 

I ( Z ,  y)=Ali,-Blip+- (&a-&p) ’ 

5. Computational Method 

When t h e  load  d i s t r i b u t i o n  Z (xl ,yl) 

i s  a func t ion  of 5 alone i n  ( 2 . 6 ) ,  t h e  1 
i n t e g r a t i o n  with r e spec t  t o  y can be  

ca r r i ed  out i r r e s p e c t i v e  of Z(6,) , by 

converting t h e  v a r i a b l e  of i n t e g r a t i o n  

I 

1 5 0 d P  

from (xl,yl) t o  (S1,yl) 
F igu re  3 .  One Element of Tangen- 
t i a l  Load D i s t r i b u t i o n  The r e s u l t  of t h e  computations f o r  

6 



t h e  o u t l i n e  of Figure 1 is given below. When t h e  o u t l i n e  i s  symmetrical, t h e  
i n t e g r a t i o n  f o r  the  l e f t  wing (y < 0) i n  (2.6) can b e  e a s i l y  der ived from t h a t  

f o r  t h e  r i g h t  wing (yl > 0 ) .  Hence, t h e  computation w a s  performed only f o r  t h e  

r i g h t  wing. This is ind ica t ed  by r. 

I 1 

F(x, Y, 2, E I ) ~ ( € I ) ~ € I  (5 1 )  

where 
A 

tan A [ ,  = tan q--& S (5 3) 

*tl=x-€l-s tan Ae, (5 4) 
A s  f o r  t h e  po r t ion  4 
immediately obtained from $ 

a r i s i n g  from t h e  i n t e g r a t i o n  of t h e  l e f t  wing, i t  can be  Z 
using t h e  r e l a t ionsh ip  r 

h ( ~ ,  7 ~ ,  z)=dr(zt - '~,2) (5 9 5) 

(5.6) 

F i n a l l y  i t  becomes 

4 = & + & = & ( ~  'Y, z>+dr(x, --5/, 2) 

The rep resen ta t ion  of (5.1) may b e  use fu l  as a fundamental equat ion f o r  
numerical computations when the  form of Z(6  ) is  complex, and t h e  a n a l y t i c a l  

s o l u t i o n  of  t h e  double i n t e g r a t i o n  i n  (2.6) is  impossible.  
load  d i s t r i b u t i o n  Z(6,) possesses  a s i m p l e  form such as (4.1) and (4.2) ,  i t  i s  

easier t o  i n t e g r a t e  over y a f t e r  having i n t e g r a t e d  over 5 i n  (2.6). 

1 
However, when t h e  

1 1 
When z is  obtained from t h e  given z(6  ) by means of (2.7),  using (2.6) as 

i n  order  t o  de r ive  t h e  cam- 
C 1 

a fundamental equat ion,  i t  is  s u f f i c i e n t  t o  f i n d  v 

b e r  d i s t r i b u t i o n  z . 
o u t  t h e  d i f f e r e n t i a t i o n  of $ w i t h  respect  t o  z i n  (2.7) before  t h e  i n t e g r a t i o n .  

z 
Therefore ,  t h e  computation may b e  s impl i f i ed  by car ry ing  

C 

6. Resul ts  of Computations 

The r e s u l t s  of t h e  computation, which w a s  performed t o  ob ta in  t h e  down- 
ward flow vz of a t h i n  wing having t h e  load d i s t r i b u t i o n s  Z ( 6 )  and Z2(6) s t a t e d  

i n  (Ref. 4) f o r  t h e  o u t l i n e  of (Ref. 3 ) ,  are given below. I n  t h i s  case, (2.6) 
1 
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i s  described as follows : 
I 

XI* (1 -4y1 I )E1 + IYI I tan qJ (6 2) 
L e t  #I and vz f o r  t h e  given Z,(S,) by (4.1) b e  9, and vZl3 r e spec t ive ly ,  

and l e t  those f o r  Z (5 ) given by ( 4 . 2 )  b e  #I2 and vz2. 2 1  

where 

I (V+z')-tan X -  (x-a)p 
d <x--a)2+y2+2 

- tan-' 

xra=x-u-s tan X 

xrl=x-l-s tan J ,  

tan X =  tan 9- (A/s)a 

I 

8 



I n  t h e  above vzrl, w e  observe t h a t  the  5 th  term - y J ( ( + y 2 + z 2  /(y2+z2) ' 

and t h e  l as t  term yJ (z-l)o+yz+zz / (Y2+z2) do not  con t r ibu te  t o  v from t h e  re- 
Z l  

l a t i o n  of (5.6). 

s 1  p=-=- 
R a  

L e t  

9 



where 

(x-1-y tan $ ) 2 ( ~ / - p ) - z z  tan +[Z(x-I)-(y+p) tan $1 
zc (Y -p)2+z21 

+ 
, 

Since the integration of 

it was numerically integrated 

-Zrb=X-b-s tan Q 

tan Si'= tan 9- (R/s)b 

could be represented by elementary functions, 

' 

K 

in the actual computation. 
4 
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The v e l o c i t y  d is turbance  vz i n  t h e  z-direct ion is given as above. 

is  computed from (2.7) using i t .  

Then 

t h e  camber d i s t r i b u t i o n  z 

t o  know v 

becomes necessary t o  know t h e  dis turbance v e l o c i t i e s  v 

y-d i rec t ions  when d e t a i l s  of t h e  flow f i e l d  are des i r ed ,  and they are obtained 
by d i f f e r e n t i a t i n g  t h e  dis turbance p o t e n t i a l  $I i n  each d i r ec t ion .  
t a t i o n a l  r e s u l t s  are given i n  t h e  appendix. 

It is  s u f f i c i e n t  
C 

a lone i n  order  t o  ob ta in  t h e  camber d i s t r i b u t i o n  zC. However, it 

and v i n  t h e  x- and 
Z 

X Y 

These compu- 

7. Shape of t h e  Camber 

The fundamental equat ion (2.1) i s  the  r ep resen ta t ion  of t h e  case when t h e  
considered wing su r face  is  assumed t o  l i e  i n  the  p lane  z = 0. 

i s  computed a f t e r  having obtained v a t  z = 0 i n  (2.71, and t h i s  is  t h e  stand- 

p o i n t  of t h e  ordinary l i n e a r  theory.  

Accordingly, z 
C 

Z 

However, z = 0 becomes a s i n g u l a r i t y  of vz a t  t h e  cen te r  y = 0 and t i p  y = 

= s of  the wing, as observed from t h e  expression of v 

cannot b e  computed. 

i n t o  account  t h e  th ickness  z of t h e  wing, and then computed z (Ref. 4 ) .  

i n  [ 6 ] ,  s o  t h a t  z 
Z C 

I n  order  t o  avoid t h i s ,  Weber obtained vz a t  z = z t ,  t ak ing  

t C 

Following Weber's procedure,  w e  computed z from t h e  descending flow vz a t  b 
z = Z t .  

12 



I n  t h e  numerical example [91 presented below, w e  used NACA 6 4 A  010 as z t ,  modi- 

fying i t  (Ref. 6) according t o  Kiichemann's method (Ref. 3).  /14 
This zc is  separa ted  i n t o  the  l o c a l  e l eva t ion  angle  a (y )  and t h e  ordinary 

camber d i s t r i b u t i o n  z as follows c m  

Examples of computation of a(y)  and z (x,y) are presented  i n  [91. cm 

8. V e r t i c a l  D i s t r ibu t ion  of Mach Numbers 

A s  s t a t e d  i n  [l], the  g r e a t e s t  e f f e c t  of t h e  sweep-back angle i s  t h e  reduc- 
t i o n  i n  t h e  normal component of Mach numbers M a t  t h e  i soba r s .  Therefore,  i t  

i s  i n t e r e s t i n g  t o  know how M i s  d i s t r i b u t e d  on t h e  wing su r face  which possesses 

t h e  camber d i s t r i b u t i o n  computed by t h e  preceding method (Ref. 5). 

n 

n 

Assume t h a t  t h e  wing su r face  i s  a t  z = 0 and draw an i soba r  l i n e  on it .  
L e t  t h e  angle  between t h e  i soba r  and t h e  y-axis ( the  d i r e c t i o n  normal t o  t h e  
main stream on t h e  wing sur face)  a t  a poin t  P be A ,  then t h e  v e l o c i t y  Vn which is  

normal t o  t h e  i soba r  a t  t h a t  po in t  is given by the  following equat ion 

V,*={(V+v,) cos A - v ,  sin A}2+vz2  (8.1) 

Using t h i s ,  w e  can ob ta in  a r ep resen ta t ion  of M wi th in  t h e  approximation of n 

where 

M: Mach number a t  po in t  P ;  
M : Mach number of uniform flow; 

Sonic speed a t  t h e  po in t  P ;  
Sonic speed of uniform flow. 

Namely, Mn can ,be obtained provided v /V and A are known. 

03 

a: 
a,: 

Y 
I n  t h e  subsequent s e c t i o n ,  an example of M d i s t r i b u t i o n  i s  presented to- n 

g e t h e r  w i t h  z . 
C 

13 



9. Numerical Example 

Examples of numerical computation usingthemethod stated in the previous 
sections are presented. Since the equations are for incompressible gas, the 
case of compressible gas is to be reduced to the incompressible case by means 
of the appropriate conversion. We used Prandtl-Glauert's law for this purpose. /15 

Physical quantities in compressible flows are indicated below by a suffix 
C. 

Mach number M, = 0.8 

Wing outline 
Half wing-span sc = 3.6  

Taper ratio 1 - X = 0.5 

= 30' Sweep-back angle of the 
leading edge 
Aspect ratio @ c \ =  916  

9, 

According to Prandtl-Glauret's law, the aspect ratio in the corresponding 
incompressible flow is 5.8. 

Load Distribution 

As a load distribution, the following two cases are considered: 

(i) 
(ii) 

where 
zl(€,~)=l(€-u)-l(€-l) 

ZZ(€, b)  = (E-  b) Cl(€-b) - 1(E- 1) 1 
Both (i) and (ii) correspond to the lift coefficient CL = 0.3. 

Figure 4 shows a comparison of the spanwise distribution of the local ele- 
vation angle for the case of a semi-infinite-span wing (Ref. 6). In the neigh- 
borhood of the wing base, the elevation angle becomes larger than that of the 
semi-inf inite-span wing. 

Figure 5 gives a comparison of z at various points in the span-wise cm 
direction. The variation of z with respect to y is not monotonic. cm 

Figure 6 (a) - (c) gives comparisons of z with the case of a semi-infi- cm 
nite-span wing. The difference from the semi-infinite-span wing becomes con- 
spicuous . close to the wing base. 

Figure 7 gives a variation of z with s ,  and Figure 8 gives a variation cm 

14 



E 
a 

5 

4 

3 

2 

1' 

0 

0.03 

Z C ,  

0.02 

0.0 I 

t 

Figure 4.  Variat ion of a with y. 

Figure 5. Variat ion of z wi th  y cm 

wi th  A .  B t h  v a r i a t i o n s  are s m a l l ,  i nd ica t ing  t h a t  t h e  e f f e c t  of t h e  a 
r a t i o  is  n o t  remarkable. 

pect 

On the o t h e r  hand, t h e  e f f e c t  of the  sweep-back angle  i s  remarkable, as 
observed from Figure 9. 

F igure  10 demonstrates t h e  manner i n  which t h e  shape of the load  

15 



0.0: 

ZClTl  

0.0; 

0.0 I 

I / /  

I 
I 

\ 

/ 

\ 

'0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 )>\J 
6 1  

Figure 6 (a) .  Comparison of z : y = 0. cm 

I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 ' 5 

Figure 6 (b) . Comparison of z : y = 0.1 cm 

d i s t r i b u t i o n  a f f e c t s  z 

bu t ion  f a l l s  o f f  towards the  r i g h t .  

The maximum height  i s  increased as  t h e  load d i s t r i -  
cm' 

F i n a l l y ,  Figure 11 is  the  v e r t i c a l  d i s t r i b u t i o n  of Mach numbers M f o r  n 

16 



0.03 

Zcm 

0.02 

0.0 I 

C 

I k s - w  0.91 I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Figure 6 (c). Comparison of z : y = 2 cm 

0.0 3 

ZC, 

0.02 

0.0 I 

0 
0 0.1 0.2 0.3 0.4 0.5 ( 

F 4.91 

Figure 7.  Variat ion of z cm 

1 

1 0.8 0.9 1.0 
5 

with s. /18 

the case of s 

= 0.4 x Z,(€,, 0) - 0.8 x Z,(c, 0.5). 

corresponds t o  t h e  p re s su re  coe f f i c i en t  c 

from the f i g u r e ,  t h e  c r i t i c a l  s t a t e  is  not  reached y e t  as f a r  as M 

= 2.2, X = 0.75 ( 8,' = 7) when t h e  load  d i s t r i b u t i o n  is  Z(€,) = 
C 

The l o c a l  Mach number 

= 1 /2*2(5 ) .  

M i n  t h e  f i g u r e  

As i s  c l e a r l y  observed 

n 
P 

i s  concerned 

17 
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0.03 
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0.02 
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, 
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Figure 8. Variation of z with A .  cm 

0.1 0.2 0.3 

Figure 9. Variat ion of zcm with Sweep-Back Angle. 

when i t  becomes l a r g e r  than 1. 
of wing thickness  w a s  not  taken i n t o  account. 

However, one has t o  be ca re fu l  s ince  the e f f e c t  

This M can be f u r t h e r  reduced by taking i n t o  account t h e  span-wise shape n 
of t h e  load d i s t r i b u t i o n  appropriately f o r  t he  case of t he  same l i f t  coe f f i c i en t  

cL 
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0.03 
y = i s = 3.6 a = 0.5 

Figure 10. Var ia t ion  of z with  Load Dis t r ibu t ion  c m  

10. Conclusions 

(1) The camber of a s t r a i g h t  l i n e  t ape r  wing having a span-wise uniform 
load d i s t r i b u t i o n  is  obtained by means of t h e  l i n e a r  theory.  

(2) The camber can be  computed by der iving t h e  ve loc i ty  d is turbance  i n  
t h e  z-direct ion.  
v e l o c i t y  dis turbances i n  t h e  x- and y-direct ions are derived. 

I n  add i t ion ,  equat ions of t he  dis turbance p o t e n t i a l  and t h e  

(3)  The d e t a i l s  of t h e  flow f i e l d  are found from t h e  d is turbance  ve loc i ty .  
A s  an example, an equat ion giving the  Mach number component normal t o  t h e  i so-  
b a r s  is  der ived.  

( 4 )  According t o  numerical  computations, t h e  camber v a r i a t i o n  i s  remark- 
a b l e  a t  t h e  base and t i p  of t h e  wing, but i t  is  c lose  t o  t h e  shape of t h e  two- 
dimensional case a t  t he  center. /21 

(5) According t o  the  numerical example of t h e  Mach number component normal 
t o  t h e  i s o b a r s ,  t h e  reaching of t h e  cr i t ical  s ta te  i n  t h e  flow f i e l d  on t h e  
wing s u r f a c e  may be  delayed by determining t h e  camber s o  as t o  b r ing  about a 
span-wise uniform d i s t r i b u t i o n .  

( 6 )  The shape of t h e  span-wise load d i s t r i b u t i o n  is a r b i t r a r y  i n  p r inc i -  
p l e .  
t h e  Mach number component normal t o  t h e  i soba r s  may be  designed. 

By an appropr ia te  s e l e c t i o n  of t h i s  shape, an optimal shape of camber f o r  

19 



1.0 5 0 0.5 

Figure 11 (a) .  D i s t r ibu t ion  Figure 11 (b) . Dis t r ibu t ion  
of Mn: M, = 0.8. 
( a ) - loca l  Mach number 

of %: M, = 0.9. 
(a ) - loca l  Mach number 
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APPENDIX vx and vv 

and 

(A. 1 .3 )  

(A. 1 .4)  
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NASA TT F-10,781 

(A. 2.1) 

(A.2.3) 
(A.2.4) 
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